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Tannerella forsythia is a key contributor to periodontitis, but little is known of its virulence mechanisms. In
this study we have investigated the role of sialic acid in biofilm growth of this periodontal pathogen. Our data
show that biofilm growth of T. forsythia is stimulated by sialic acid, glycolyl sialic acid, and sialyllactose, all
three of which are common sugar moieties on a range of important host glycoproteins. We have also established
that growth on sialyllactose is dependent on the sialidase of T. forsythia since the sialidase inhibitor oseltamivir
suppresses growth on sialyllactose. The genome of T. forsythia contains a sialic acid utilization locus, which also
encodes a putative inner membrane sialic acid permease (NanT), and we have shown this is functional when
it is expressed in Escherichia coli. This genomic locus also contains a putatively novel TonB-dependent outer
membrane sialic acid transport system (TF0033-TF0034). In complementation studies using an Escherichia coli
strain devoid of its outer membrane sialic acid transporters, the cloning and expression of the TF0033-TF0034
genes enabled an E. coli nanR nanC ompR strain to utilize sialic acid as the sole carbon and energy source. We
have thus identified a novel sialic acid uptake system that couples an inner membrane permease with a
TonB-dependent outer membrane transporter, and we propose to rename these novel sialic acid uptake genes
nanO and nanU, respectively. Taken together, these data indicate that sialic acid is a key growth factor for this
little-characterized oral pathogen and may be key to its physiology in vivo.

Tannerella forsythia is a Gram-negative obligate anaerobic
pathogen that causes periodontitis in humans (26, 30, 31). This
is a globally important disease that affects over 300 million
people and is increasingly linked with a number of systemic
sequelae (11). However, little is known regarding its physiology
or virulence factors (30).

Accumulation of subgingival plaque is considered a prereq-
uisite to periodontal disease, and there is much evidence that
T. forsythia is one of the dominant organisms in the plaque
biofilm in periodontitis (26, 30, 31). The link between biofilm
formation and virulence has been established for a number of
important pathogens, such as uropathogenic Escherichia coli
and Pseudomonas aeruginosa (12), and so it is likely that the
ability to adapt to life within the plaque biofilm (interact with
other species present, evade host defenses, and obtain local
nutrients) is closely linked to the pathogenicity of T. forsythia.
Thus, an understanding of how the physiology of this periodon-
tal pathogen is adapted to the biofilm lifestyle is key to gaining
a clearer picture of disease.

T. forsythia has notoriously fastidious growth requirements,
and the original growth studies indicated that the only com-
pound tested which stimulates growth of T. forsythia in broth
and plate culture was the monomeric form of the bacterial cell
wall component N-acetylmuramic acid (NAM) (26, 31, 36).
However, it is not known how relevant this is to the bacteria’s
growth in vivo where one assumes that the only sources of
NAM are other autolyzed bacteria in the oral community.

The genome of T. forsythia encodes a large putative sialic acid
utilization and transport locus in the genome of T. forsythia
(TF0030-TF0038) (Fig. 1) (Oral Pathogen Sequence Databases
[http://www.oralgen.lanl.gov]). This locus encodes putative cata-
bolic enzymes involved in the breakdown of sialic acid to ManNac
and pyruvate (the neuraminate lyase [TF0031]) and then con-
version into GlcNac-6P by neuraminate epimerase (TF0030)
(33, 34). In addition, the putative sialic acid locus also codes for
transport and scavenging enzymes and includes a newly char-
acterized NanH sialidase enzyme that might be involved in the
cleavage of sialic acid from host glycoproteins (33), a putative
NanT inner membrane permease that has 45% amino acid
sequence similarity with the E. coli nanT gene, and a predicted
outer membrane TonB-dependent transport system with 43%
amino acid sequence similarity to the starch utilization SusC
system of intestinal Bacteroides species. Sialic acid is an impor-
tant biomolecule that is present on the surface of many mam-
malian glycoproteins (10, 22), and the oral environment is
particularly rich in sialylated glycoproteins, such as salivary
mucins and fibronectin (13). Recent work has also highlighted
the presence of sialic acid on the surface of several bacteria
and indicated a role in immune evasion (25) and biofilm for-
mation (20, 27).

The original growth studies on T. forsythia also tested sialic
acid as a growth factor for plate and broth culture but did not
test its effect on biofilm growth (36). Thus, given the presence
of this locus and the fact that several human-pathogenic bac-
teria can cleave or utilize sialic acid, we considered the possi-
bility that sialic acid might be an alternative growth factor for
T. forsythia when it is grown as a biofilm. In addition, we aimed
to determine the functionality of the putative transport systems
identified in the genome.

* Corresponding author. Mailing address: Oral and Maxillofacial
Pathology, School of Clinical Dentistry, Claremont Crescent, Univer-
sity of Sheffield, S10 2TA, Sheffield, United Kingdom. Phone: 44 114
2717959. Fax: 44 114 2717894. E-mail: G.Stafford@sheffield.ac.uk.

� Published ahead of print on 26 February 2010.

2285



MATERIALS AND METHODS

Bacterial growth and strains. T. forsythia ATCC 43037 was maintained in an
anaerobic cabinet (containing CO2, H2, and N2) at 37°C on Fastidious Anaerobe
agar supplemented with 5% horse blood containing 0.17 mM (wt/vol) NAM.
Where indicated, NAM was replaced with sialic acid (Neu5Ac; Carbosynth
United Kingdom), sialyllactose (mixture of 2,6- and 2,3-sialyllactose [Sigma
A0828]), or glycolyl sialic acid [NeuGc; Carbosynth, United Kingdom) at the
concentrations indicated in the relevant figures and legends. Liquid cultures were
grown in tryptic soy broth ([TSB] supplemented with 0.4% yeast extract, 1 mg/ml
hemin, and 1 mg/ml vitamin K [15]) and the appropriate sugar addition.

E. coli strains were maintained on LB agar with appropriate concentrations of
antibiotic (50 �g/ml ampicillin [Amp], 10 �g/ml tetracycline [Tet], and 50 �g/ml
kanamycin [Kan]). Strains are listed in Table 1. For assessment of the use of sialic
acid as a sole carbon and energy source, strains were grown in M9 salts medium
supplemented with glucose (0.5%) or sialic acid (6 mM). For E. coli MC1000,
leucine was included at a concentration of 50 mg/ml.

Biofilm growth of T. forsythia. Briefly, T. forsythia was grown on Fastidious
Anaerobe agar as above for 4 to 5 days before being harvested and washed twice
in supplemented TSB. For biofilm growth bacteria were inoculated at a final
optical density at 600 nm (OD600) of 0.05 into the same medium containing
either 0.005% (wt/vol) NAM or sialic acid (Neu5Ac), at the concentrations
indicated in the relevant figures and legends, in polystyrene 96- or 24-well plates.
Cell numbers for mature biofilms were assessed after 4 days of growth by removal
of medium (and suspended bacteria); samples were washed two to three times in
sterile phosphate-buffered saline (PBS), followed by rigorous resuspension of
biofilms in PBS before cells were counted microscopically using a Helber count-

ing chamber (Hawksley) under a phase-contrast lens (magnification, �1,000).
For growth curve experiments cells were harvested by using an identical method
at 24-h intervals and then enumerated. The harvesting method was verified by
crystal violet staining of the harvested wells to assess residual cells. T. forsythia
biofilms were also grown in the presence of the indicated amounts of N-glyco-
lylneuraminic acid, sialic acid, or 2,3- and 2,6-sialyllactose as a growth inducer in
place of NAM.

The effect of the influenza virus neuraminidase inhibitor oseltamivir on T.
forsythia biofilm growth was assessed after inclusion of various concentrations (1
to 10 mM) in the medium and enumeration of cells after 4 to 5 days.

Live/dead staining of biofilm cells. To assess the viability of the cells, T.
forsythia biofilms were grown on sterile 1-mm borosilicate glass coverslips
(Fisher, United Kingdom) in 24-well tissue culture plates in TSB to an A600 of
0.05 and incubated for 5 days. Planktonic cultures were grown in glass universal
tubes without shaking. Before staining, the medium from the 24-well tissue
culture plates was removed and replaced with a similar volume of PBS (pH 7.2),
whereas for the planktonic culture, 1 ml of sample was diluted with PBS (pH 7.2)
in a fresh tube. The samples were stained with 3 �l of a 1:1 mixture of 3 �g/ml
propidium iodide (PI) (Invitrogen) and 8.33 �g/ml bis-benzimide Hoechst tri-
hydrochloride (Hoechst; Invitrogen, OR) and incubated anaerobically at 37°C in
the dark for 10 min. Three microliters of planktonic cells stained with the above
mixture was placed on a microscope slide and examined. For the biofilm, the
coverslip with the biofilm cells was inverted onto a microscope slide. Slides were
observed at a magnification of �1,000 with a Zeiss Axiovert 200 M inverted
fluorescence microscope with an integrated high-resolution digital camera (Axio-
Cam MRm; Zeiss) equipped with filter sets 00 (PI) and 02 (Hoechst). Pictures
were processed with AxioVision, version 4.6, software (Imaging Associates Lim-
ited, Bicester, United Kingdom). PI staining was visualized in the red channel,
and Hoechst staining was visualized in the blue channel.

Sialidase assay. Sialidase activity of T. forsythia cells (1 � 107 per well) was
detected using the fluorogenic substrate 4-methylumbelliferyl-�-D-neuraminic
acid (1.5 mM; Sigma) in 50 mM Tris buffer (pH 7.5). The reaction mixtures were
incubated for 2 h at 37°C before the fluorescence intensity was measured at
355-nm excitation and 430 nm (� 10 nm) emission wavelengths on a BMG
Labtech microplate reader. Sialidase assays with different concentrations (1 mM,
2 mM, 5 mM, and 10 mM) of oseltamivir (Sigma) were performed to quantify the
inhibition of neuraminidase activity. All assays were performed in triplicate on
three separate occasions.

Molecular biology techniques. Standard molecular cloning techniques were
performed according to Sambrook and Russell (24). All cloning experiments
were performed using the electrocompetent recA mutant cloning strain E. coli
TOP10. Transformation of plasmids into MG1655 and MC1000 was achieved by
electroporation using a Bio-Rad Micropulser according to the manufacturer’s
instructions. Phage P1vir transductions were carried out according to Miller (19).

Mutagenesis and heterologous complementation of E. coli. A nanT deletion
strain of E. coli MC1000 was constructed using primers delnanTfrontcoli and
delnanTrevcoli (Table 1) with plasmid pKD13 as the template for PCR using
Phusion polymerase (NEB) and selection on LB Kan plates (9). Mutations were
confirmed by sequencing flanking regions and by the loss of the ability to utilize
sialic acid as a sole carbon and energy source on M9 salts medium. Heterologous
expression was achieved by cloning the nanT gene of T. forsythia into the ex-
pression vector pBAD18 (14) with an optimized E. coli ribosome binding site
under the control of Para using primers nanT-xba-for-tf and nanT-hin-rev-tf
(Table 2). Proofreading PCR amplification was achieved using Phusion polymer-
ase with T. forsythia genomic DNA as the template. After restriction with XbaI
and HinDIII and ligation with calf intestinal alkaline phosphatase (CIAP)-
treated plasmids, the constructs were confirmed by sequencing. Similarly the
nanT gene of E. coli MG1655 was amplified as a positive control and cloned
using primers nanT-xba-for-coli and nanT-hin-rev-coli.

FIG. 1. Genetic organization of putative sialic acid utilization locus of T. forsythia. The nanA (neuraminate lyase) and nanE (N-acylglucosamine
2-epimerase) genes encode cytoplasmic enzymes required for sialic acid utilization (light gray), while nanH, TF0036, and TF0037 encode a
potentially secreted sialidase, a beta-hexosaminidase, and a sialic acid-specific 9-O-acetyl esterase, respectively, which might be involved in
scavenging sialic acid from the oral environment. Transport is most likely achieved by the putative inner membrane permease nanT and the
potential TonB-dependent outer membrane-specific sialic acid transporters TF0033 and TF0034. The putative mutarotase nanM is responsible for
the interconversions of isomers of sialic acid, making the uptake process more efficient. Genes were identified from http://www.oralgen.lanl.gov/.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Reference or source

Strains
T. forsythia 43037.......................................W. Wade (Kings College

London, UK)

E. coli
MG1655 ..................................................2
MG1655 nanR

(amber mutation) �nanC .................I. Blomfield (University of
Kent, UK)

MC1000 ompR::Tn10(tet) .....................I. Blomfield (University of
Kent, UK)

MG1655 nanR
(amber mutation) �nanC
ompR::Tn10(tet) ................................This study

MC1000 ..................................................6
MC1000 �nanT::FRT::Km::FRT ........This study
TOP10.....................................................Invitrogen

Plasmids
pCR2.1-TOPO ...........................................Invitrogen
pBAD18......................................................14
pKD13.........................................................9
pKD46.........................................................9
pBAD18-nanT-coli ....................................This study
pBAD18-nanT-TF .....................................This study
pCR2.1-TOPO-TF0033-34........................This study
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For experiments on the heterologous expression of TF0033 and TF0034, we
created a nanR nanC ompR triple mutant of MG1655. The nanC nanR mutant
was kindly supplied by Ian Blomfield of the University of Kent and acted as the
recipient strain for a P1vir transduction of the ompR::Tn10(tet) allele from
MC4100 ompR::Tn10(tet). A similar triple mutant strain was previously shown to
be unable to utilize sialic acid as a sole carbon and energy source in M9 liquid
medium (8). We confirmed the phenotype of the transductants before proceed-
ing with complementation experiments. The TF0033 and TF0034 genes were
cloned in tandem into the cloning vector pCRTOPO2.1 with an optimized
ribosome binding site after amplification using Phusion polymerase (NEB) and
the addition of poly(A) tails using Taq polymerase.

RESULTS

Sialic acid stimulates growth of T. forsythia biofilms. To test
the influence of sialic acid on biofilm growth, our normal
biofilm growth medium was supplemented with various con-
centrations of sialic acid in place of NAM under the same
conditions, i.e., in polystyrene microtiter well plates incubated
anaerobically at 37°C. The range of sialic acid concentrations
used was chosen based upon the concentration required to
support growth of E. coli in minimal medium with sialic acid as
a sole carbon source (3 mM) (28, 35).

After the biofilms were washed and bacteria were harvested
from the plates, the growth of bacteria was enumerated by
repeated pipetting and counting microscopically. To ensure
that all bacteria were removed from the microtiter plates, they
were stained with crystal violet and visualized under a light
microscope. Figure 2A illustrates that the cell numbers after 4
days increased with increasing sialic acid concentrations and
were comparable to the numbers obtained when NAM was
used as a substrate although at a higher total carbon concen-
tration. In order to further confirm this observation, we also
assessed growth using the same method over a 5-day period
(Fig. 2B). These data illustrate similar biofilm growth curves
for T. forsythia on NAM and sialic acid although it is interesting
that growth on 6 mM sialic acid produced a higher final cell
number (4.9 � 107 ml�1) than 0.17 mM NAM alone (3.1 � 107

ml�1). However, growth on a combination of sialic acid and
NAM did not produce a substantially higher final cell number
than growth on sialic acid alone (5.8 � 107 ml�1), indicating
that the bacteria may prefer to use sialic acid for growth in
biofilm culture. The result, however, is hard to interpret since
the concentration of NAM (170 �M) required in the growth
medium is much lower than the concentration of sialic acid (6
mM). In contrast, while T. forsythia growth was stimulated in

biofilm culture, we did not see a corresponding stimulation of
growth either in planktonic culture or on agar plates. This
observation of a lack of growth stimulation in either planktonic or
plate culture was expected since the original work determining
NAM as a growth factor for T. forsythia tested growth on sialic
acid in broth and plate culture with similar results (36).

To assess the viability of the sialic acid-grown biofilm cells,
we performed live/dead staining on biofilms grown on glass
coverslips under the same growth conditions (Fig. 2C). After 4
days the cell viability was assessed by live/dead staining using
Hoechst as a stain for all for nucleic acids (live and dead cells;
blue) and propidium iodide (red) to highlight dead cells (as
this cannot cross intact cell membranes). As illustrated in Fig.
2C there were identical ratios of live/dead cells in the biofilms
grown on either NAM or sialic acid (i.e., approximately 80:20,
live to dead). Taken together these data indicate that T. for-
sythia is able to utilize this biologically relevant potential car-
bon and nitrogen source to stimulate biofilm growth.

Ability of T. forsythia to utilize alternative forms of sialic
acid. Recent work by others highlighted the ability of a puta-
tive exported sialidase to release free sialic acid from sialyllac-
tose (33). Sialyllactose is a common moiety on glycoproteins
and notably is the sugar head group on the GM3 ganglioside
that is ubiquitous on mammalian plasma cell membranes (18).
We therefore assessed the ability of T. forsythia to grow in a
biofilm using sialyllactose (a mixture of 2,3- and 2,6-sialyllac-
tose) as a growth stimulant. Figure 3 illustrates that the growth
yield was similar to that obtained with equimolar amounts of
free sialic acid while lactose had no effect (this is a product of
the sialidase cleavage of sialyllactose) (data not shown). Again
live/dead staining revealed comparable viability of the sialic
acid-grown cells to the wild-type strain (data not shown).

Since the release of sialic acid from sialyllactose probably
requires the action of the secreted sialidase enzyme, we first
searched for an inhibitor of whole-cell sialidase activity. Figure
4A illustrates the effect on whole-cell sialidase activity using
the fluorescent substrate 4-methylumbelliferyl-�-D-neuraminic
acid and various concentrations (1 to 10 mM) of the neuramin-
idase inhibitor oseltamivir (Tamiflu). The experiment reveals
that the whole-cell activity is inhibited in a dose-dependent
manner by oseltamivir. We then assessed the effects of inhib-
iting the sialidase activity on the ability of T. forsythia to utilize
sialyllactose (6 mM) in biofilm growth experiments. Figure 4B

TABLE 2. Primers used in this study

Primer Sequencea

delnanTfrontcoli .........................................................................CTGTACCCTACAATTTCATACCAAAGCGTGTGGGCATCGCCCACCGCGG
GAGGCTCACATGTGTAGGCTGGAGCT

delnanTrevcoli ............................................................................TTGTGCAAGTAACGACATACATCTTCCCTTAGCGAAAGGCCCGGTACAT
AGACCGGGCAACAGGATTCCGGGGATCCGTCGACC

nanT-xba-for-coli ........................................................................AAATCTAGACTGTACCCTACAATTTTC
nanT-hin-rev-coli ........................................................................AAAAAGCTTCGGTACATAGACCGGGCA
nanT-xba-for-tf ...........................................................................AAATCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAA

AAACTCAAAGTATTAC
nanT-hin-rev-tf............................................................................AAAAGCTTAGTTATTGATTAATGAAG
tf0033-xba-for..............................................................................AATCTAGATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAAAG

GAATTTTAAAAAAAT
tf0034-xba-rev .............................................................................AAATCTAGATTATTCATACCCCGGAGT

a Restriction sites are underlined.
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illustrates that while the inclusion of 10 mM oseltamivir in the
medium containing NAM or sialic acid had no effect on biofilm
growth, it did inhibit biofilm growth with sialyllactose as the
growth substrate, resulting in 4-fold lower cell numbers (Fig.
4B and C). This shows that the sialidase enzyme activity is
required for the use of sialyllactose for growth and suggests
that it may be important for utilization of sialic acid contained
on the surface of host glycoproteins, on which sialyllactose is a
common terminal sugar group.

Recent work has implicated the product of the yhcH gene of
Haemophilus influenzae as an epimerase involved in the me-
tabolism of an alternate but naturally abundant form of sialic
acid known as glycolyl sialic acid (glycolylneuraminic acid
[NeuGc]) (32). We therefore screened the T. forsythia genome
for a homologue of this gene, and even though the TF1464
gene is not in the same region as the other putative sialic acid
utilization genes, it has 46% similarity at the amino acid level
to the yhcH gene. In light of this we tested the ability of T.
forsythia to grow using equimolar amounts of NeuGc as a
growth stimulant in place of sialic acid (Neu5Ac). The data
presented in Fig. 3 illustrate that the growth yields were similar
on NeuGc and Neu5Ac, indicating that T. forsythia can effi-
ciently utilize and most likely transport NeuGc into the cell
and thus expanding the possible range of in vivo substrates for
T. forsythia growth.

T. forsythia contains a functional inner membrane sialic acid
permease. Our data so far indicate that T. forsythia has the
ability to utilize sialic acid while evidence from other investi-

FIG. 2. Stimulation of T. forsythia biofilm growth by sialic acid.
(A) The ability of sialic acid to stimulate growth of T. forsythia biofilms
was tested by replacing NAM (0.17 mM) with various concentrations
of sialic acid (1.5 to 6 mM). Biofilms were incubated for 4 days before
cell counting. Means and standard deviations of three independent
wells are shown. The experiment was conducted on three separate
occasions with essentially identical results. (B) Growth rates were
assessed by inoculating identical wells of a 96-well plate and harvesting
the biofilm at the time points shown. These experiments used sialic
acid and NAM at concentrations of 6 mM and 0.17 mM, respectively.
Control samples contained only the TSB growth medium with no
growth factors added (Con). Growth was assessed by cell counting of
washed and harvested biofilms that had been resuspended in PBS;
complete harvesting was established by crystal violet staining of har-
vested wells. Means of three wells are shown with standard deviations
illustrated. The first data point illustrates the initial cell number prior
to inoculation while the second and subsequent points relate to cell
numbers of harvested biofilms. (C) Live/dead staining of NAM or sialic

acid biofilms grown on glass coverslips. Hoechst (blue) was used to
stain all bacteria and propidium iodide (red) was used to highlight
dead bacteria. Individual channels were enumerated using ImageJ
software. Merged images are shown.

FIG. 3. Biofilm growth yield of T. forsythia on alternative sialic acid
sources. The ability to use sialic acid and the alternative forms sia-
lyllactose (sialyl-lac) and glycolyl sialic acid (NeuGc) to stimulate
growth of T. forsythia was tested by replacing NAM (0.17 mM) with 6
mM concentrations of the other substrates. Control wells (CON) were
incubated under identical conditions with TSB lacking any additional
growth factors. Biofilms were incubated for 4 days before cells were
washed, harvested, and counted. Means and standard deviations of
three independent wells are shown. The experiment was conducted on
three separate occasions with essentially identical results.
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gators has indicated that this bacterium contains a catalytically
active sialic acid-scavenging sialidase enzyme originating from
the same area of the chromosome as nanA and nanE (33). We
now aimed to test the functionality of the putative nanT sialic
acid permease (TF0031) as a sialic acid transporter. Despite
reports of the production of deletion mutants of T. forsythia by
other laboratories (15, 23), it is still very difficult to construct
targeted chromosomal mutants in T. forsythia. Therefore, in
order to examine the function of the putative nanT permease,
we decided to follow a heterologous expression route and
cloned the T. forsythia nanT gene into the arabinose-inducible
expression vector pBAD18 (14) to create plasmid pBAD18-
nanT-TF. We then tested its ability to complement the null
phenotype of an E. coli MC1000 (araD mutant) �nanT strain
compared to the corresponding nanT gene from E. coli
(pBAD18-nanT-coli) (Fig. 5). Figure 5 illustrates that in con-
trast to the empty pBAD18 plasmid, the pBAD18-nanT-TF
plasmid was able to restore the ability of MC1000 to grow on
sialic acid as the sole carbon source without induction with
arabinose, thus indicating that in addition to being able to
utilize and scavenge sialic acid, this organism also contains a
functional inner membrane sialic acid transporter. In fact in-
duction of pBAD18-nanT-TF and pBAD18-nanT-coli with
arabinose (which MC1000 is unable to use due to a mutation in
araD) at concentrations as low as 0.01% (wt/vol) resulted in
cell death with both the E. coli and T. forsythia constructs (data
not shown).

Our data above indicated that T. forsythia is able to utilize
NeuGc as a growth stimulant. The ability to utilize NeuGc
requires it to be transported into the cell by the cell’s sialic acid
permease (35). In order to examine the specificity of the T.
forsythia NanT for NeuGc, we tested the ability of the nanT
permease of T. forsythia to restore growth on sialic acid to our
nanT mutant on NeuGc. While the nanT mutant strain is
unable to utilize NeuGc as a carbon source, the strain com-
plemented with the nanT gene of T. forsythia is restored in its
ability to use NeuGc for growth (data not shown). These data
are consistent with our demonstration that NeuGc can stimu-
late growth of T. forsythia biofilms and suggest that, as in E.
coli, the KD (equilibrium dissociation constant) values of the
nanT permease are similar for NeuGc and Neu5Ac.

TF0033 and TF0034 form a novel outer membrane TonB-
dependent sialic acid uptake system. As illustrated in Fig. 1,
the genome of T. forsythia contains a large sialic acid metab-
olism locus that also contains a putative outer membrane
transport system encoded by the genes TF0033 and TF0034
(see the URL of the Oral Pathogen Sequence Databases
above). Sequence analysis of TF0033 indicates that it is a pu-
tative TonB-dependent receptor protein (see URL of the Oral
Pathogen Sequence Databases) while the TF0034 gene pos-
sesses 40% homology with the SusD protein of several Bacte-
roides spp. (21). These proteins are usually involved in the
transport of iron-containing compounds across the outer mem-
brane into the periplasm of Gram-negative bacteria (3, 16).

To enable us to test the function of the TF0033-TF0034 gene
products, we constructed an nanC ompR nanR triple mutant
that lacks the outer membrane sialic acid-transporting NanC,
OmpC, and OmpF proteins and contains an nanR mutation to
allow constitutive expression of the sialic acid catabolism genes
in E. coli MG1655, and we confirmed that this strain is unable

FIG. 4. Effect of oseltamivir on whole-cell sialidase activity and
biofilm growth on sialyllactose. (A) Four-day-old T. forsythia biofilm
cells were harvested, washed with PBS, and adjusted to a cell density
at A600 of 0.05. The sialidase substrate 4-methylumbelliferyl-�-D-
neuraminic acid was then added to a final concentration of 1.5 mM.
Oseltamivir was then added at the concentrations shown, and the
reaction was allowed to proceed for 2 h at 37°C anaerobically before
the release of free umbelliferyl was measured using a fluorimeter.
Assays were performed in triplicate, and the readings are presented as
a percentage of the cell activity without any oseltamivir added; stan-
dard error is shown. (B) T. forsythia biofilms were set up as before in
triplicate wells supplemented with either 0.17 mM NAM, 6 mM sialic
acid, or 6 mM sialyllactose (Sia-lac) with the addition of 10 mM
oseltamivir (Oselt) to the medium as indicated at the time of inocu-
lation. After 4 days of growth, biofilm cells were washed, harvested,
and enumerated. Data are presented with standard deviations. (C) Mi-
crographs of crystal violet-stained biofilms of T. forsythia grown on
sialyllactose (6 mM) with and without the addition of 10 mM oselta-
mivir and visualized at a magnification of �400 on a Nikon TS100
inverted light microscope attached to a Coolpix P1500 digital camera.
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to grow using sialic acid as a sole carbon and energy source
(Fig. 6). To test the functionality of the TF0033 and TF0034
genes, we cloned them in tandem into the E. coli cloning vector
pCRTOPO-2.1. Figure 6 illustrates that in the presence of the
pCRTOPO2.1-TF0033-34 construct, the nanC ompR nanR
strain regained the ability to grow using sialic acid as a sole
carbon and energy source in liquid medium and that the
growth rate was similar to that of the wild type. This indicates
that this is a putative high-affinity sialic acid uptake complex
that seems to be functional in tandem with the E. coli TonB-
ExbB-ExbD complex which it requires to provide energy for
the transport process.

Our data also highlight the ability of NeuGc to stimulate
biofilm growth of T. forsythia, so we wished to examine whether
the putative outer membrane sialic acid transporter encoded

by the TF0033-TF0034 genes also had specificity for NeuGc.
We therefore examined the ability of TF0033-TF0034 to sup-
port growth of the nanC nanR ompR mutant strain of MG1655
and found that while the nanC nanR ompR strain is unable to
grow with NeuGc as the sole carbon and energy source, when
TF0033-TF0034 is provided in trans in plasmid pCR2.1-
TF0033–34, this ability is gained (data not shown).

DISCUSSION

The findings presented here show for the first time that the
fastidious anaerobe T. forsythia is able to utilize sialic acid as a
growth factor to specifically stimulate biofilm growth. How-
ever, we found no sialic acid-dependent growth stimulation on
agar plates or in liquid broth. At this time we cannot explain
why sialic acid can substitute for NAM to stimulate growth of
T. forsythia only in a biofilm, but it is worth noting that in vivo
this organism would most commonly inhabit a biofilm. It is
possible that the higher cell density in a biofilm triggers a
response similar to a quorum-sensing mechanism or that some
other regulatory mechanism responding to levels of metabolic
by-products stimulates expression of the nan genes under bio-
film conditions. We have preliminary proteomic (G. Stafford
and P. Wright, personal communication) and real-time PCR
data that seem to confirm this idea with upregulation at both
the protein and transcript levels of the nan genes in mature
biofilms compared to planktonic cultures (data not shown).
This is currently under investigation alongside the role of sialic
acid itself in inducing expression of these genes (as occurs in E.
coli) (34, 35). Nevertheless, our data indicate that sialic acid is
a growth stimulant of T. forsythia biofilms. While several other
organisms, such as E. coli and H. influenzae, are capable of
utilizing sialic acid as a growth substrate (34), this is the only
indication of such a metabolic capability in a Gram-negative
oral anaerobe.

As illustrated in Fig. 1, the genome of T. forsythia contains
homologues of the nanA (neuraminate lyase) and nanE (N-
acetylmannosamine epimerase) genes but lacks a nanK (N-
acetylmannosamine kinase) homologue. The latter is required

FIG. 5. Complementation of E. coli MC1000 �nanT by T. forsythia nanT. (A) E. coli MC1000 �nanT was transformed with either pBAD18 or
derivatives containing the nanT gene from T. forsythia (pBAD18-nanT-TF:pBAD-TF) or E. coli (pBAD18-nanT-coli:pBAD-EC), and growth was
assessed on M9 agar plates containing (0.5%; 15 mM) sialic acid. All strains showed identical growth with glucose (0.5%) as the carbon source (data
not shown). (B) The same strains were grown in M9 liquid medium, and growth was monitored by measuring the A600 at the time points indicated.
Experiments were repeated on four separate occasions with essentially identical results. WT, wild type.

FIG. 6. Ability of T. forsythia TF0033-TF0034 to support growth on
sialic acid. E. coli MG1655 (wild type [WT]) containing the empty
pCR2.1-TOPO vector and the MG1655 nanR nanC ompR mutant
containing either the empty pCR2.1-TOPO vector or pCR2.1-TOPO
containing the TF0033-TF0034 genes of T. forsythia were grown in M9
salts medium containing 15 mM sialic acid, and growth was monitored
by measuring the A600 at the time points indicated. Experiments were
repeated on four separate occasions with essentially identical results. A
representative experiment is shown.
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for phosphorylation of N-acetylmannosamine (ManNac) to
ManNac-6P before conversion into N-acetylglucosamine-6-
phosphate (NAG-6P) by NanE in E. coli and H. influenzae
(34). However, sequence analysis of the nanE gene of T. for-
sythia reveals that it has 83% amino acid homology with the
nanE gene from Bacteroides fragilis. Recent work by other
investigators has shown that even though B. fragilis also lacks
an nanK homologue, it is capable of utilizing sialic acid (4).
The NanE from B. fragilis is capable of converting ManNac to
NAG, which is then phosphorylated by a hexokinase called
RokA before being processed by the rest of the pathway (4). A
genome search reveals that the open reading frame (ORF)
TF1997 has 82% amino acid homology with RokA from B.
fragilis, further strengthening the idea that T. forsythia might
use a similar sialic acid metabolic pathway as that of B. fragilis.
Based on this information, we have outlined a proposed sialic
acid metabolism pathway in T. forsythia, which is illustrated in
Fig. 7A. This putative pathway also proposes the nagA and
nagB genes for the processing of N-acetylglucosamine.

The ability to utilize sialic acid as a growth factor is particularly
pertinent, given the range of sialylated glycoproteins present both
in saliva (e.g., mucins) and on the surface of epithelial cells (e.g.,
fibronectin and integrins). Other human-pathogenic bacteria such
as E. coli, H. influenzae, and B. fragilis can utilize sialic acid as a
growth substrate (34). In addition E. coli is able to utilize glycolyl
sialic acid (NeuGc) (35), which humans are unable to synthesize
de novo but which is acquired from dietary sources (29) and
processed into human glycoproteins on the surface of gut (and
presumably oral) epithelial cells in vivo (5, 17). It is therefore of
no surprise that NeuGc can act in a manner similar to Neu5Ac to
stimulate biofilm growth of T. forsythia.

As part of this sialic acid utilization locus (Fig. 1), T. forsythia
contains an nanH sialidase gene which was recently expressed
in E. coli and shown to cleave 2,3- and 2,6-sialyl-linked sia-
lyllactose and has the potential to recover sialic acid from

host-glycoproteins on which sialyllactose is a common sugar
motif (33). The importance of this sialidase in sialic acid uti-
lization was illustrated in our work when we inhibited this
enzyme with oseltamivir and thus abrogated the ability of T.
forsythia biofilms to utilize sialic acid linked to lactose. How-
ever, in contrast to findings in Streptococcus pneumoniae and P.
aeruginosa, inhibition of the sialidase activity did not com-
pletely inhibit biofilm growth per se, i.e., with NAM or sialic
acid as growth factors (Figure 4B and C) (20, 27). However,
the sialidase activity is likely to play a role in sialic acid scav-
enging in vivo, and we are currently investigating this with a
range of physiologically relevant glycoproteins, including mu-
cins.

In order to be able to utilize sialic acid, T. forsythia must trans-
port sialic acid into the cell across both the outer and inner
membranes. Our findings have established the functionality of the
major facilitator family protein homologue, nanT, in E. coli. We
have also established that the novel outer membrane transport
genes TF0033 and TF0034 encode a functional sialic acid trans-
port system that is also able to complement sialic acid
growth defects in an E. coli strain unable to transport sialic
acid across its outer membrane. Given that our data indicate
that these two genes encode an outer membrane sialic acid
transporter pair, we propose to follow the current naming
convention and name TF0033 nanO (neuraminate outer mem-
brane permease) and TF0034 nanU (extracellular neuraminate
uptake protein). The NanO amino acid sequence indicates that
it is a TonB-dependent receptor (TBDR) family protein pos-
sessing 43% amino acid sequence homology with the susC gene
of Bacteroides thetaiotaomicron, which is involved in the uptake
of starch and oligomeric maltose sugars in a mechanism that is
energized by the TonB-ExbB-ExbD (TBDR) protein complex
(1, 3, 37). In common with other members of the Bacteroidetes,
T. forsythia contains over 60 TBDRs in its genome of 3.4 Mbp,
indicating that this class of proteins is overrepresented (1).

FIG. 7. Schematic of putative sialic acid utilization and uptake pathways. (A) Predicted sialic acid utilization pathway of T. forsythia. The enzymes
shown are predicted from the genome searches and by comparison with the pathway proposed for B. fragilis (diagram adapted from reference 4). The
gene identification numbers from the T. forsythia genome annotation are indicated in parentheses. NanA, neuraminate lyase; NanE, N-acetylman-
nosamine epimerase; RokA, hexokinase; NagA, N-acetylglucosamine-6-phosphate deacetylase; NagB, glucosamine-6-phosphate isomerase. (B) Pro-
posed sialic acid uptake pathway. The NanOU (TF0033-TF0034) outer membrane (OM) transport system and the NanT(TF0032) inner membrane (IM)
permease that function when transplanted into E. coli in trans are shown in light gray while the TonB (TF1354/TF1960/TF0783)-ExbB (TF0785)-ExbD
(TF0785) complex that probably energizes this transport is shown in dark gray (1).
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This overrepresentation may reflect the fact that T. forsythia, in
the oral environment, has evolved to utilize a wide range of
dietary sugars like other Bacteroides species from the gut (38).

In contrast to NanO, NanU has homology to members of the
SusD protein family in the closely related Bacteroides spp. (e.g.,
B. thetaiotaomicron and B. fragilis) that are all predicted to be
involved in nutrient utilization of a range of carbohydrates. It
possesses a type II signal recognition particle signal and has
approximately 40% amino acid similarity and predicted struc-
tural similarity to the SusD protein from B. thetaiotaomicron
(21) (G. P. Stafford, unpublished data). There are a number of
homologues of SusD in the T. forsythia genome, again indicat-
ing that like other Bacteroides species this may be an important
mechanism for nutrient uptake.

Based on our data, we propose the tentative model illus-
trated in Fig. 7B for sialic acid transport mechanisms in T.
forsythia. Free sialic acid or that released from glycoproteins is
bound by TF0034 (NanU) and, by a similar mechanism, to the
SusCD complex (7); this interacts with TF0033 (NanO, which
passes the sialic acid on for transport into the periplasm. The
latter mechanism requires energization by the TonB-ExbB-
ExbD complex. The sialic acid is then transported from the
periplasm into the cytoplasm by the inner membrane per-
mease, NanT, before utilization by the sialic acid metabolism
pathway. There are clearly a number of parts of this model that
require investigation, such as the putative protein interactions
between NanO and NanU, the binding of sialic acid to NanU,
and the role of TonB in energizing the process (there are three
TonB homologues in the T. forsythia genome) (see the URL of
the Oral Pathogen Sequence Databases above).

Our overall findings indicate that sialic acid may represent a
more relevant in vivo growth factor than NAM, the only pre-
viously established growth factor for T. forsythia. However, to
what extent sialic acid is used as a sole carbon and energy
source is not known. Pertinently, the requirement for NAM is
in itself not fully understood since the small amount of NAM
(0.17 mM) required to stimulate growth argues against its use
as a sole carbon source but rather that T. forsythia lacks some
biosynthetic capability to produce NAM or other cell wall
building blocks. It is intriguing, therefore, that sialic acid stim-
ulates growth of T. forsythia biofilms since it is metabolized into
N-acetylglucosamine, which in many bacteria is converted into
NAM and which is also a building block in cell wall biosynthe-
sis. The importance of sialic acid to this pathogen is reinforced
since we have also identified and established the functionality
of a novel outer membrane sialic acid transport system that
might be important for pathogenicity. Our work highlights
several important avenues for further investigation of the
mechanistic and physiological aspects of this system, particu-
larly its role in biofilm growth. These findings expand our
knowledge of this poorly understood oral pathogen and high-
light the possible importance of sialic acid as a growth factor or
substrate in the oral microbial ecosystem.
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